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Graphene  nanosheets  (GNs)  dispersed  with  Sn02  nanoparticles  loaded  multiwalled  carbon  nanotubes 
(Sn02-MWCNTs)  were  investigated  as  electrode  materials  for  supercapacitors.  Sn02-MWCNTs  were 
obtained  by  a  chemical  method  followed  by  calcination.  GNs/Sn02 -MWCNTs  nanocomposites  were  pre¬ 
pared  by  ultrasonication  of  the  GNs  and  Sn02 -MWCNTs.  Electrochemical  double  layer  capacitors  were 
fabricated  using  the  composite  as  the  electrode  material  and  aqueous  KOH  as  the  electrolyte.  Electro¬ 
chemical  performance  of  the  composite  electrodes  were  compared  to  that  of  pure  GNs  electrodes  and 
the  results  are  discussed.  Electrochemical  measurements  show  that  the  maximum  specific  capacitance, 
power  density  and  energy  density  obtained  for  supercapacitor  using  GNs/Sn02 -MWCNTs  nanocompos¬ 
ite  electrodes  were  respectively  224  Fg-1,  17.61<Wkg-1  and  31  Whkg-1.  The  fabricated  supercapacitor 
device  exhibited  excellent  cycle  life  with  ~81%  of  the  initial  specific  capacitance  retained  after  6000 
cycles.  The  results  suggest  that  the  hybrid  composite  is  a  promising  supercapacitor  electrode  material. 
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1.  Introduction 

Electrochemical  capacitors  (ECs)  or  supercapacitors  are 
energy-storage  devices  which  possess  higher  energy  density 
(0.5-10 Whkg-1)  than  conventional  dielectric  capacitors  and 
higher  power  density  (1-10  kW  kg-1 )  than  batteries  [1  ].  Moreover, 
they  have  high  cycling  ability  and  light  mass,  which  make  them 
promising  energy  storage  devices  of  the  future.  ECs  find  applica¬ 
tions  in  electric  vehicles,  uninterruptible  power  supplies,  DC  power 
systems,  and  mobile  devices  [2].  A  supercapacitor  stores  energy 
using  either  ion  adsorption  (electrical  double  layer  capacitors, 
EDLCs)  or  fast  and  reversible  Faradic  reactions  (pseudocapacitors) 
[3].  These  two  mechanisms  can  function  simultaneously,  depend¬ 
ing  on  the  nature  of  the  electrode  material.  While  EDLCs,  the 
most  common  supercapacitors  at  present,  use  carbon-based  active 
materials  with  high  surface  area  as  the  electrode  materials,  pseu¬ 
docapacitors  use  transition  metal  oxides  or  electrically  conducting 
polymers  as  active  materials  [4].  Hybrids  of  carbon  materials 
and  pseudocapacitor  materials  are  reported  to  give  superior 
performance  as  compared  to  their  individual  counterparts  [5]. 

In  the  last  few  years,  graphene,  by  virtue  of  its  unique  struc¬ 
ture  of  two-dimensional  layered  hexagonal  lattice  of  carbon  atoms 
has  attracted  significant  research  interest  as  a  potential  electrode 
material  for  electrochemical  energy  storage  [6].  The  excellent  prop¬ 
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erties  that  make  graphene  unique  for  electrode  materials  are  high 
mobility,  remarkable  mechanical  stiffness,  high  surface  area  and 
excellent  conductivity  [7,8].  Use  of  thermally  exfoliated  graphene 
nanosheets  (GNs)  as  supercapacitor  electrode  materials  has  been 
reported  to  give  a  maximum  specific  capacitance  of  117 Fg-1  in 
aq.  H2S04  electrolyte  [9].  For  supercapacitors  made  of  chemically 
modified  GNs,  a  specific  capacitance  of  135  Fg-1  in  aqueous  KOH 
electrolyte  has  been  reported  [10].  Fabrication  and  performance 
studies  of  symmetric  super  capacitors  based  on  curved  GNs  elec¬ 
trodes,  capable  of  operation  at  a  high  voltage  (4  V)  in  ionic  liquid 
electrolyte  l-ethyl-3-methylimidazolium  tetrafluoroborate  with 
an  exceptional  high  energy  density  of  85.6 Whkg-1  at  1  Ag-1  has 
also  been  reported  [6].  Irreversible  agglomeration  and  restacking 
of  GNs  due  to  van  der  Waals  interactions,  to  form  graphite  during 
the  drying  process  during  electrode  preparation  is  a  major  prob¬ 
lem  faced  in  graphene  based  supercapacitors.  The  agglomeration 
adversely  affects  supercapacitor  performance  by  preventing  elec¬ 
trolyte  penetration  into  layers  [11],  and  can  be  avoided  by  the 
introduction  of  spacers  into  the  graphene  layers.  Both  nanocarbon 
materials  and  pseudocapacitance  materials  have  been  used  as  spac¬ 
ers.  Spacers  ensure  high  electrochemical  utilization  of  graphene 
layers  as  well  as  contribute  to  the  total  capacitance  of  the  sys¬ 
tem  [12].  The  incorporation  of  carbon  black  (CB)  into  graphene  has 
been  reported  to  help  in  inhibiting  the  agglomeration  of  GNs  and 
thereby  improving  the  electrolyte-electrode  accessibility  as  well  as 
the  electrode  conductivity  of  supercapacitors  [13].  Use  of  conduct¬ 
ing  polymer  poly  aniline  (PANI)  nanofibres  as  spacers  to  improve 
the  supercapacitor  performance  of  GNs  has  also  been  demonstrated 
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[14,15].  Lack  of  long-term  stability  during  cycling  due  to  degrada¬ 
tion  of  electroactive  polymers  is  the  major  problem  faced  in  the 
case  of  conducting  polymers  [4]. 

As  compared  to  CB,  carbon  nanotubes  (CNTs)  have  superior 
material  properties  such  as  high  chemical  stability,  aspect  ratio, 
mechanical  strength  and  activated  surface  area  and  outstanding 
electrical  properties,  which  make  them  widely  accepted  as  super¬ 
capacitor  electrode  materials  [16-20].  Theoretical  estimation  has 
been  made  on  the  effects  of  curvature  upon  the  properties  of  the  dif¬ 
fuse  double  layer  at  a  charged  CNT  in  electrolytic  solution  by  solving 
Poisson-Boltzmann  equation  numerically  in  cylindrical  space  [20]. 
Various  reports  are  available  on  the  use  of  graphene/CNTs  compos¬ 
ites  as  supercapacitor  electrodes  [12,21].  Significant  enhancement 
in  electrochemical  storage  capacity  has  been  observed  in  these 
composites  with  the  existence  of  CNTs  which  are  believed  to  bridge 
the  defects  for  electron  transfer  and,  in  the  mean  time,  to  increase 
the  basal  spacing  between  graphene  sheets  [22].  Recently,  Fan  et  al. 
reported  the  use  of  3D  CNT/graphene  sandwich  structures  with  CNT 
pillars  grown  in  between  the  graphene  layers  by  CVD  approach  as 
efficient  electrodes  in  supercapacitors  [21]. 

Enhancement  in  electrochemical  performance  of  CNTs  can  be 
achieved  by  incorporation  of  either  a  metal  oxide  or  a  conduct¬ 
ing  polymer  [18,19].  Significant  improvement  in  the  supercapacitor 
performance  of  GNs  by  dispersion  of  MWCNTs/PANI  composites 
have  been  reported  [23].  In  a  similar  way,  it  is  expected  that  a 
nanocomposite  obtained  by  dispersion  of  transition  metal  oxide 
(TMO)  nanoparticles  loaded  MWCNTs  in  GNs  can  serve  as  suit¬ 
able  electrode  material  for  high  performance  super  capacitors 
with  an  additional  advantage  of  excellent  cycling  stability  for 
practical  applications.  The  use  of  hydrous  Ru02/GNs  composites 
with  different  loadings  of  Ru  as  efficient  supercapacitor  electrodes 
with  a  maximum  specific  capacitance  value  of  570  Fg-1  has  been 
reported  [24].  But,  the  commercial  application  of  Ru02  as  elec¬ 
trode  materials  in  supercapacitors  has  been  restricted  due  to  the 
high  cost  of  Ru  and  because  of  this  limitation,  other  cheap  TMOs 
are  currently  being  studied,  as  an  alternative  material  for  the  Ru02 
[25-27]. 

Among  the  different  TMOs  for  supercapacitor  electrodes,  Sn02 
is  of  particular  interest  due  to  its  good  chemical  stability,  high  con¬ 
ductivity,  ready  availability,  environmentally  benign  nature  and 
lower  cost  as  compared  to  the  state-of-the-art  electrode  material 
Ru02  [3].  There  have  been  a  variety  of  reports  on  the  synthesis  of 
Sn02  nanoparticles  by  different  methods  like  sol-gel  synthesis,  on 
mini  arc  plasma  [28],  hydrolysis  of  tin  isopropoxide  [29],  chemi¬ 
cal  reduction  of  SnCl2  followed  by  calcinations  [30],  from  dendritic 
polymers  [31],  etc.  Improvement  of  electrochemical  energy  stor¬ 
age  properties  of  GNs  based  supercapacitors  by  direct  deposition 
of  Sn02  nanoparticle  has  been  reported  [26,27,32].  As  the  electro¬ 
chemical  performance  of  Sn02  nanoparticles  largely  depends  on 
their  microstructure  and  surface  area,  the  development  of  con¬ 
trolled  synthesis  of  Sn02  nanostructures  with  high  electroactive 
area  is  of  great  importance. 

In  the  present  work  a  new  strategy  to  produce  GNs  dis¬ 
persed  with  Sn02  nanoparticles  loaded  MWCNTs  composites 
(GNs/Sn02-MWCNTs)  as  electrodes  for  ECs  has  been  presented. 
The  incorporation  of  Sn02-MWCNTs  into  graphene  layers  is 
expected  to  improve  electrolyte-electrode  accessibility  and  elec¬ 
trode  conductivity  by  reducing  the  agglomeration  of  GNs. 
Sn02 -MWCNTs  composite  is  prepared  by  a  simple  chemical 
method.  GNS/Sn02-MWCNTs  composite  has  been  prepared  by 
ultrasonication  of  GNs  and  Sn02-MWCNTs.  Supercapacitor  devices 
are  fabricated  using  GNs/Sn02 -MWCNTs  nanocomposite  electrode 
materials  and  performance  studies  are  conducted.  The  electro¬ 
chemical  performance  of  the  composite  electrodes  has  been 
compared  to  that  of  pure  GNs  electrodes  and  the  results  are  dis¬ 
cussed. 


2.  Experimental 

2.1.  Synthesis  of  Sn02-MWCNT  composites 

MWCNTs  of  purity  95%  were  functionalized  by  refluxing  in  cone, 
nitric  acid  (5N)  at  60  °C  for  4h  to  make  them  more  dispersible  in 
deionized  (DI)  water.  10  mg  of  functionalized  MWCNTs  was  dis¬ 
persed  in  40  ml  of  DI  water  by  ultrasonication  (Branson  3510)  with 
subsequent  addition  of  1  ml  of  HC1  (38%)  and  1  g  of  hydrous  SnCl2. 
The  mixture  was  sonicated  for  5  min  and  then  stirred  for  60  min  at 
room  temperature.  The  precipitate  was  filtrated  and  washed  com¬ 
pletely  using  distilled  water  and  then  dried  in  air  at  90  °C  for  6h. 
Part  of  the  final  product  was  calcined  at  350  °C  for  2  h. 

2.2.  Preparation  of  GNs/Sn02-MWCNTs  composites 

The  GNs/Sn02-MWCNTs  composite  was  synthesized  by  ultra¬ 
sonication  of  chemically  functionalized  GNs  and  Sn02-MWCNTs. 
In  order  to  produce  chemically  functionalized  graphene,  200  mg 
of  few  layered  GNs  (prepared  using  a  procedure  similar  to  that 
reported  in  [33])  was  dispersed  in  200  ml  of  concentrated  acid 
mixture  (nitricacid:sulphuric  acid  =  1:3)  by  continuous  stirring  at 
80 °C  for  about  6h.  The  resultant  dispersion  was  filtered  and 
washed  several  times  with  DI  water.  The  filtrate  was  collected  and 
dried  in  air  without  heating  [33].  GNs  and  Sn02 -MWCNTs  com¬ 
posites  in  the  ratio  9:1  by  weight  were  dispersed  in  200ml  of 
distilled  water  by  ultrasonication  for  5  h  to  obtain  a  homogeneous 
GNs/Sn02 -MWCNTs  suspension.  Finally,  the  solid  was  filtered,  and 
washed  several  times  with  distilled  water  and  alcohol,  dried  at 
1 00  °C  for  1 2  h  in  a  vacuum  oven.  An  illustration  of  the  preparation 
of  GNs/Sn02-MWCNTs  composite  is  shown  in  Fig.  1. 

2.3.  General  characterization  of  composites 

The  electrode  materials  were  characterized  by  a  powder  X-ray 
diffraction  system  (XRD,  Bruker,  D8  ADVANCE)  equipped  with  Cu 
Ka  radiation  {X  =  0.1 5406  nm).  Raman  spectroscopic  measurements 
were  carried  out  using  a  LabRam  Aramis  Raman  spectrometer 
with  Fle-Ne  laser  having  an  excitation  wavelength  of  633  nm. 
The  surface  morphology  and  microstructure  of  the  samples  were 
investigated  by  a  scanning  electron  microscopy  (SEM,  FEI  Flelios 
NanoLab)  and  transition  electron  microscopy  (TEM,  FEI  Titan). 

2.4.  Preparation  of  electrodes  and  electrochemical  measurement 

Circular  supercapacitor  electrodes,  each  with  a  diameter  of 
1.6  cm  was  prepared  using  GNs/Sn02 -MWCNTs  composite  mate¬ 
rial  by  the  following  procedure.  The  composite  was  mixed  with 
polytetrafluoroethylene  (PTFE)  binder  in  a  mass  ratio  of  95:5  and 
dispersed  in  ethanol.  The  resulting  mixture  was  homogenized  by 
ultrasonication  and  coated  onto  the  conductive  carbon  cloth  (ELAT, 
Nuvant  systems  Inc.)  substrate,  which  was  followed  by  drying  at 
1 00  °C  for  1 2  h  in  a  vacuum  oven.  Each  electrode  contained  4  mg  of 
electroactive  material  and  0.2  mg  of  PTFE  binder.  Each  supporting 
carbon  cloth  substrate  was  having  a  mass  of  26  mg.  Total  mass  of 
each  electrode  including  the  substrate  mass  was  30.2  mg.  The  two 
electrodes  were  separated  by  a  thin  polymer  separator  (Celgard® 
3400)  in  30  wt%  KOFI  aqueous  electrolyte  and  were  sandwiched  in 
a  supercapacitor  test  cell  (ECC-std,  EL-Cell  GmbFI). 

The  electrochemical  properties  of  the  supercapacitor  electrodes 
were  studied  in  a  two  electrode  configuration  by  cyclic  voltam¬ 
metry  (CV),  galvanostatic  charge-discharge  and  electrochemical 
impedance  spectroscopy  (EIS)  using  a  Modulab  (Solartron  Analyti¬ 
cal)  electrochemical  workstation.  The  two  electrode  configuration 
is  preferred  as  it  provides  the  most  reliable  results  of  a  materiaEs 
performance  for  electrochemical  capacitors.  CV  tests  were  carried 
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Preparation  of  GNs/Sn02-MWCNTs  Composite 
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Fig.  1.  Schematic  of  preparation  of  supercapacitor  electrode  material. 


out  in  a  potential  range  of  -0.6  V  to  0.5  V  (vs.  standard  hydro¬ 
gen  electrode)  at  different  scan  rates  varying  from  5mVs-1  to 
200  mV  s-1.  Galvanostatic  charge-discharge  measurements  were 
carried  out  at  different  currents  ranging  from  5  mA  to  50  mA,  and 
EIS  measurements  were  carried  out  in  the  frequency  range  from 
100  kHz  to  10  MHz  at  a  dc  bias  of  0  V  with  a  sinusoidal  signal 
of  10  mV.  EIS  data  was  analyzed  using  complex  plane  impedance 
plots  (Nyquist  plots).  Each  data  point  in  Nyquist  plot  is  at  a  dif¬ 
ferent  frequency.  Since  the  measurements  are  made  on  symmetric 
assemblies  of  materials,  by  the  basic  circuit  relationship  for  series 
capacitors  what  is  measured  is  actually  1  \2  of  the  capacitance  of 
the  freestanding  electrode  [34].  The  cell  capacitance  (C  in  F)  was 
then  calculated  from  the  cyclic  voltammograms  (CVs)  according  to 
Eq.  (1 )  or  from  the  charge-discharge  curves  according  to  Eq.  (2) 


where  T  is  the  average  cathodic  current  of  CV  loop  and  is  the  scan 
rate  [34]. 

c=iAvm  (2) 

where  T  is  the  constant  current  for  charge-discharge,  A  V/  At  is  the 
slope  of  the  discharge  curve  [34].  The  specific  capacitance  (Csp  in 
Fg-1 )  was  then  calculated  as 


where  W  is  the  mass  of  each  electrode.  In  the  present  study,  for 
specific  capacitance  calculation  electrode  mass  was  taken  as  4  mg 
(mass  of  the  active  materials  only). 

3.  Results  and  discussion 

Powder  XRD  patterns  of  GNs,  MWCNTs  and  Sn02-MWCNTs  are 
shown  in  Fig.  2.  The  XRD  of  GNs  shows  a  peak  at  26.4°  correspond¬ 
ing  to  reflection  from  (0  0  2)  plane  of  hexagonal  graphite  (JCPDS 
Card  No.  75-1621).  Whereas  this  reflection  shifts  to  a  lower  20 
value  (25.9°)  for  MWCNTs.  Shift  in  the  20  value  can  be  attributed 
to  the  structural  difference  of  MWCNTs  and  GNs,  since  the  hexag¬ 
onal  carbon  sheets  of  MWCNTs  have  curved  structure,  whereas 


the  graphene  layers  have  planar  structure.  Thus,  the  interplanar 
d  (0  0  2)  spacing  of  MWCNTs  is  larger  than  graphene  layers.  For 
Sn02 -MWCNTs,  peaks  marked  with  an  asterisk  correspond  to  char¬ 
acteristic  diffraction  peaks  from  Sn02  nanoparticles  (JCPDS  Card 
No.  41-1445).  The  graphitic  peak  at  20  =  25.9°  overlaps  with  the 
(110)  peak  from  Sn02.  MWCNTs  supply  nucleation  sites  for  the 
deposition  of  Sn02  nanoparticles.  A  detailed  explanation  on  the  role 
of  HC1  addition  in  the  formation  of  Sn02 -nanoparticles  can  be  found 
in  the  work  reported  by  Fang  et  al.  [30].  The  powder  XRD  pattern  for 
Sn02 -MWCNTs  is  found  to  have  large  amount  of  background  noise. 
SnO  particles  may  also  present  in  the  composite,  but  they  are  not 
visible  in  the  spectrum  and  the  main  peak  of  crystalline  SnO  corre¬ 
sponding  to  (1  0 1)  plane  (JCPDS  Card  No.  06-0395)  is  absent.  This 
may  be  due  to  detection  limitation  or  some  structural  change. 

The  formation  of  the  Sn02  nanoparticles  are  further  confirmed 
from  the  Raman  spectra  (Fig.  3)  of  Sn02 -MWCNTs.  Apart  from 
the  characteristic  D  and  G  bands  of  MWCNTs,  the  spectra  con¬ 
tains  additional  peaks  corresponding  to  vibrational  modes  of  Sn02 
nanoparticles.  The  peaks  at  480  cm-1,  634  cm-1  and  776  cm-1 
respectively  corresponds  to  classical  vibration  modes  Eg,  A\g  and 
B2g  of  Sn02  nanoparticles  while  bands  S i  (576-568  cm-1),  S2 


20  30  40  50  60  70  80  90 
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Fig.  2.  Powder  XRD  of  (a)  GNs,  (b)  MWCNTs  and  (c)  Sn02 -MWCNTs. 
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(542-486  cm-1),  and  S3  (691 -707  cm-1)  appear  as  a  consequence 
of  disorder  activation.  Size  of  nanoparticle  has  got  great  influence 
on  Raman  spectra.  The  mode  Alg  shifts  to  lower  wave  numbers  as 
the  nanoparticle  size  decreases.  A  detailed  study  of  Raman  shift  as  a 
function  of  Sn02  nanoparticle  size  and  fitting  of  the  bands  appear¬ 
ing  in  the  high-frequency  region  of  the  Raman  spectrum  of  a  Sn02 
powder  of  very  small  grain  size  have  been  reported  [35].  The  Raman 
spectra  obtained  in  the  present  study  matches  well  with  the  liter¬ 
ature  data  [35],  indicating  nanoparticles  have  an  average  diameter 
of  5-6  nm.  High  resolution  TEM  is  also  used  as  an  additional  tool 
for  confirming  the  nanoparticle  size. 


TEM  images  of  MWCNTs  and  Sn02 -MWCNTs  are  shown  in 
Fig.  4(a)  and  (b)  respectively.  MWCNTs  are  having  an  average  inner 
diameter  of  lOnm  and  an  outer  diameter  of  30  nm  and  are  hav¬ 
ing  an  average  length  in  the  range  of  10-30  p,m.  Fig.  4(b)  suggests 
an  uniform  distribution  of  Sn02  nanoparticles  over  the  surface 
of  MWCNTs.  HRTEM  image  of  Sn02 -MWCNTs  (inset  of  Fig.  4(b)) 
reveals  that  the  Sn02  nanoparticles  are  highly  crystalline  in  nature 
with  an  average  particle  size  of  4-6  nm.  This  value  matches  very 
well  with  the  value  obtained  from  Raman  spectra.  TEM  images  of 
large  area  GNs  and  GNs/Sn02 -MWCNTs  composite  are  shown  in 
Fig.  4(c)  and  4(d)  respectively.  Sn02 -MWCNTs  are  seen  to  occupy 
the  surface  of  GNs. 

Fig.  5(a)  shows  the  SEM  image  of  the  carbon  fabric  which  serves 
the  purpose  of  the  substrate  for  the  deposition  of  the  electrode 
material  as  well  as  current  collector  of  the  supercapacitor  test  cell. 
The  carbon  fabric  substrate  is  a  double  layer  structured  gas  dif¬ 
fusion  layer  porous  carbon  fabric  made  of  macroporous  layer  of 
carbon  fiber  fabric  (Nuvant  systems  Inc.)  and  a  microporous  layer 
of  carbon  black  powder  (inset  of  Fig.  5(a))  with  a  hydrophobic  agent. 
The  carbon  black  powder  enhances  an  intimate  electronic  con¬ 
tact  between  the  carbon  based  composite  electrode  material  and 
the  macroporous  carbon  fabric  and  can  directly  help  in  the  reduc¬ 
tion  of  internal  resistance  of  the  supercapacitor  with  the  help  of 
a  well  formed  electrode  electrolyte  interface.  SEM  images  of  GNs 
uniformly  coated  onto  the  conductive  carbon  cloth  substrate  are 
shown  in  Fig.  5(b)  and  (c)  while  that  of  GNs/Sn02 -MWCNTs  com¬ 
posite  is  shown  in  Fig.  5(d).  Graphene  layers  interact  with  each 
other  to  form  an  open  pore  system,  through  which  electrolyte  ions 
easily  access  the  surface  of  graphene  to  form  electric  double  layers. 

Fig.  6(a)  and  (b)  respectively  shows  CV  loops  of  the  GNs  and  GNs/ 
Sn02-MWCNTs  based  symmetric  supercapacitors.  In  the  present 
study,  supercapacitor  devices  retain  rectangular  CV  loops,  which 


Fig.  4.  TEM  images  of  (a)  MWCNTs,  (b)  Sn02-MWCNTs  (inset  shows  HRTEM  image),  (c)  GNs  and  (d)  GNs/Sn02-MWCNTs  composite. 
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Fig.  5.  SEM  images  of  (a)  Carbon  graphitized  cloth  substrate  (inset  shows  the  back  side)  (b)  and  (c)  GNs  and  (d)  GNs/Sn02-MWCNTs  composite  on  graphitized  carbon  cloth. 


are  characteristics  for  supercapacitors  with  low  contact  resistance, 
up  to  a  scan  rate  of  50  mV  s-1  indicating  an  excellent  capacitance 
behavior  and  low  contact  resistance.  Absence  of  any  oxidation  or 
reduction  peaks  in  the  CV  loops  denotes  that  pseudocapacitance 
contribution  from  Sn02  nanoparticles  to  the  total  capacitance  of 
the  GNs/Sn02-MWCNTs  composite  based  symmetric  supercapac¬ 
itor  device  is  negligibly  small.  A  comparison  of  CV  loops  of  carbon 
cloth  substrate,  GNs  and  GNs/MWCNTs/Sn02  composite  based 
supercapacitors  at  a  scan  rate  of  20mVs-1  is  shown  in  Fig.  6(c). 
The  CV  loops  of  GNs  and  GNs/Sn02-MWCNTs  symmetric  super¬ 
capacitors  are  nearly  rectangular  in  nature.  GNs/Sn02-MWCNTs 
composite  materials  show  higher  capacitive  performance  than  GNs 
as  supercapacitor  electrodes.  The  specific  capacitances  of  GNs  and 
GNs/Sn02-MWCNTs  symmetric  supercapacitors  obtained  from  CV 
loops  are  150  and  218  Fg-1  respectively  (using  Eqs.  (1)  and  (3)). 
From  Fig.  6(c),  it  is  also  evident  that  the  capacitive  contribution 
from  the  carbon  cloth  substrate  to  the  electrodes  is  negligibly  small. 

Fig.  7  shows  the  variation  in  the  specific  capacitance  as  a  func¬ 
tion  of  scan  rates.  It  can  be  seen  that  the  specific  capacitance 
decreases  with  an  increase  in  scan  rates  from  5  to  200  mV  s-1 .  It  is 
also  observed  that  the  specific  capacitance  of  GNs/Sn02-MWCNTs 
supercapacitors  is  much  higher  than  that  of  GNS  based  supercapac¬ 
itor  at  the  same  scan  rate. 

Galvanostatic  charge-discharge  curves  of  GNs  and 
GNs/Sn02-MWCNTs  symmetric  supercapacitors  at  a  constant 
current  of  5  mA  in  the  potential  range  between  0  and  +1 V  are 
shown  in  Fig.  8.  Charge-discharge  measurements  are  critical  in 
the  analysis  and  prediction  of  the  active  materials  performance 
under  practical  operating  conditions.  It  can  be  seen  that  the 
curves  are  nearly  linear  and  symmetrical,  which  is  another  typical 
characteristic  of  an  ideal  capacitor.  Voltage  (IR)  drop  is  observed 
to  be  very  small,  which  indicates  that  the  electrodes  have  low 
internal  resistance.  In  addition,  the  charge-discharge  duration 


for  GNs/Sn02-MWCNTs  composite  is  greater  than  that  of  GNs, 
indicating  a  high  specific  capacitance  of  224  Fg-1  (using  Eqs. 
(2)  and  (3))  for  GNs/Sn02-MWCNTs  composite.  For  GNs  based 
supercapacitor,  the  specific  capacitance  is  obtained  as  153Fg-1. 
Specific  capacitances  at  constant  currents  from  10  to  50  mA  are 
also  calculated,  however,  the  results  remain  practically  invariant. 
The  maximum  storage  energy  (E)  per  unit  mass  for  GNs  and 
GNs/Sn02-MWCNTs  symmetric  supercapacitors  are  calculated  as 
21.3  and  31.1  Whkg-1  respectively,  using  Eq.  (5) 

E  =  jQplf  (5) 

where  Csp  is  the  specific  capacitance  and  Vt  is  the  initial  voltage 
(1.0  V)  of  the  discharge  curve  [36]. 

For  practical  applications,  supercapacitors  must  have  long-term 
cycle  stability.  The  stability  of  the  supercapacitor  devices  is  evalu¬ 
ated  by  conducting  galvanostatic  charge-discharge  measurements 
for  6000  cycles  at  a  constant  current  of  10  mA  in  the  potential 
range  between  0  and  +1 V.  Specific  capacitance  is  calculated  after 
a  set  of  100  cycles.  The  specific  capacitance  as  a  function  of  cycle 
number  is  presented  in  Fig.  9.  Both  GNs  and  GNs/Sn02-MWCNTs 
symmetric  supercapacitors  are  found  to  exhibit  excellent  cycle 
life  over  the  entire  cycle  numbers.  After  6000  cycles,  GNs  and 
GNs/Sn02-MWCNTs  symmetric  supercapacitors  retain  92%  and 
81%,  respectively,  of  their  initial  specific  capacitance  indicating  that 
both  the  electrode  materials  have  got  excellent  cycle  stability  and 
very  high  degree  of  reversibility  in  the  repetitive  charge-discharge 
cycling. 

Nyquist  plots  of  the  GNs  and  GNs/Sn02-MWCNTs  symmetric 
supercapacitors  are  shown  in  Fig.  10.  Plots  show  a  semicircle  in 
the  high  frequency  region  and  a  straight  line  in  the  low-frequency 
region.  The  high  frequency  arc  is  related  to  the  electronic  resis¬ 
tance  within  the  electrode  materials.  The  line  at  the  low  frequency 
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Fig.  6.  Cyclic  voltammograms  of  (a)  GNs  and  (b)  GNs/Sn02-MWCNTs  compos¬ 
ite  based  supercapacitor  devices  with  various  scan  rates  in  the  range  of  -0.6  to 
+0.5  V  and  (C)  comparison  of  cyclic  voltammograms  of  carbon  cloth  substrate,  GNs 
and  GNs/Sn02-MWCNTs  composite  based  supercapacitor  devices  with  scan  rate  of 
20mVs-1. 


region  making  an  angle  45°  with  the  real  axis,  the  Warburg  line 
and  is  a  result  of  the  frequency  dependence  of  ion  diffusion  in  the 
electrolyte  to  the  electrode  interface.  The  vertical  line  at  lower  fre¬ 
quencies  parallel  to  the  imaginary  axis  indicates  an  ideal  behavior, 
representative  of  the  ion  diffusion  in  the  structure  of  the  elec¬ 
trode.  The  magnitude  of  equivalent  series  resistance  (ESR)  (2.5  £2 
and  1.86  £2  respectively  for  GNs  and  GNs/Sn02-MWCNTs  compos¬ 
ite  based  electrodes)  is  obtained  from  the  x-intercept  of  the  Nyquist 
plot  in  Fig.  9.  ESR  data  is  an  important  factor  in  determining  the 


Time  (s) 


Fig.  8.  Galvanostatic  charge-discharge  curves  of  GNs  and  GNs/Sn02-MWCNTs  com¬ 
posite  based  supercapacitor  devices  at  a  constant  current  density  of  5  mA,  in  30  wt% 
KOH  electrolyte. 


Fig.  9.  The  specific  capacitance  change  at  a  constant  current  of  10  mA  as  a  function 
of  cycle  number. 
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Fig.  10.  Nyquist  plots  for  GNs  and  GNs/Sn02-MWCNTs  composite  based  superca¬ 
pacitor  devices  with  the  at  a  dc  bias  of  0  V  with  sinusoidal  signal  of  10  mV  over 
the  frequency  range  from  100  kHz  and  1  MHz.  Z\  real  impedance.  Z":  imaginary 
impedance.  Inset  shows  an  enlarged  scale. 


power  density  of  a  supercapacitor.  The  reduction  in  the  ESR  value 
for  GNs/Sn02-MWCNTs  composite  indicates  that  Sn02-MWCNTs 
provide  diffusion  path  between  sheets  and  improves  charge  trans¬ 
fer  performance  of  GNs. 

The  maximum  power  density  (Pm ax)  of  the  supercapacitor 
devices  are  calculated  from  the  low  frequency  data  of  the 
impedance  spectra,  according  to  Eq.  (6) 

Pmax  =  4 MR 

where  V*  is  the  initial  voltage  (here  it  is  1 V),  R  is  the  ESR  and  M 
is  the  total  mass  of  active  materials  in  two  electrodes  (in  this  case 
8  mg)  with  a  cell  voltage  of  1.0  V  [36].  Maximum  power  densities 
of  12.5  and  17.6kWkg-1  are  obtained  respectively  for  GNs  and 
GNs/Sn02-MWCNTs  composite  based  supercapacitors.  This  value 
of  power  density  is  well-suited  for  surge-power  delivery  applica¬ 
tions  [36]. 

Specific  capacitance  value  obtained  for  chemically  modified 
GNs  based  supercapacitor  in  the  present  study  is  comparable  to 
that  reported  by  Liu  et  al.  for  curved  GNs  based  supercapaci¬ 
tors  (154.1  Fg-1  at  1  Ag-1)  with  ionic  electrolyte,  but  the  energy 
density  value  is  much  lower  as  in  the  present  study,  with  aque¬ 
ous  KOH  electrolyte,  the  maximum  possible  potential  is  less  than 
1.2  V  [6].  For  CB  spacer  dispersed  GNs  supercapacitor  electrodes, 
a  maximum  specific  capacitance  of  175Fg-1  has  been  reported 
in  6M  aqueous  KOH  electrolyte  [13].  Use  of  CNT  spacers  in  poly¬ 
mer  modified  GNs  reported  to  give  an  average  specific  capacitance 
of  120Fg_1  in  1  M  H2S04  electrolyte  [12]  and  a  specific  capaci¬ 
tance  of  38.9  F g-1  has  been  obtained  for  Sn02  nanoparticle  coated 
GNs  supercapacitor  electrodes  [27].  Supercapacitor  performance 
of  the  GNs/Sn02-MWCNTs  composite  we  report  here  is  superior 
to  GNs/CB,  GNs/CNTs  or  GNs/Sn02  composites  [12,13,27].  Even 
though,  their  performance  is  found  to  be  inferior  to  that  of  con¬ 
ducting  polymer  dispersed  GNs  (Csp  >480Fg-1)  [14,15,23],  they 
possess  excellent  cycling  stability,  which  make  them  suitable  for 
practical  applications.  Hence,  GNs/Sn02-MWCNTs  composite  with 
a  maximum  specific  capacitance  of  224  Fg-1,  energy  density  of 
31.1  Whkg-1  and  power  density  of  17  kWkg-1  can  be  considered 
as  a  suitable  and  promising  electrode  material  for  high  performance 
supercapacitors. 


4.  Conclusions 

Symmetric  supercapacitor  devices  were  fabricated  using  GNs 
and  GNs/Sn02-MWCNTs  composite  electrodes.  The  latter  gave 
remarkable  results  with  a  maximum  specific  capacitance  of 
224  Fg-1,  power  density  of  17.6kWkg-1  and  an  energy  density  of 
31  Whkg-1.  Dispersion  of  metal  oxide  loaded  MWCNTs  helped  in 
the  improvement  of  the  capacitance  properties  of  GNs.  The  fab¬ 
ricated  supercapacitor  device  exhibited  excellent  cycle  life  with 
~81%  of  the  initial  specific  capacitance  retained  after  6000  cycles. 
These  features  make  GNs/Sn02 -MWCNTs  composite  quite  a  suit¬ 
able  and  promising  electrode  material  for  efficient  supercapacitors. 
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